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Modulation doping of InAs/AlISb quantum wells using remote InAs
donor layers
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Sheet carrier concentrations in quantum wells of InAs clad by AlSb were enhanced by modulation
doping with very thin(9—12 A) remote InASi) donor layers. The growth temperature of the donor
layers was a key parameter, with relatively low temperatures required to minimize Si segregation
into the AISb. Sheet carrier concentrations as high as< 3®@%cn? and 5.6 10'%7cn? were
achieved by single- and double-sided modulation doping, respectively. High electron mobility
transistors fabricated using the modulation doped structure exhibited a unity current gain cut-off
frequency of 60 GHz for a 0.m gate length at a source-drain voltage of 0.5 V.
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Single quantum wells of InAs clad by AISb are of inter- In order to achieve high carrier concentrations in InAs/
est for application to high-speed, low-voltage, high electronAISb quantum wells, we designed a structure in which a very
mobility transistors(HEMTS). Advantages of this material thin (2—7 ML) layer of Si-doped InAs is inserted 125 A
system include the high electron mobility (30 000%vhs)  above a 150 A InAs wellFig. 1). The large confinement
and velocity (4< 10’ cm/s) of InAs! and a large conduction energy of the thin quantum well allows the electrons to trans-
band offset between InAs and AISH.35 eV). Promising fer into the 50 ML InAs channel. By lowering the growth
HEMT characteristics have been reported, with a unity curtemperature to minimize Si segregation, we achieved carrier
rent gain cut-off frequencyf, of 90—100 GHz for 0.5um  densities up to 3.2 10'%cn?. HEMTSs fabricated using this
gate lengthg:? material displayed good dc and microwave characteristics. In

Sheet carrier concentrations for unintentionally dopedaddition, structures with InASi) donor layers on both sides
InAs/AISb single quantum wells, a function of the upperOf the InAs quantum well yielded sheet carrier concentra-
barrier thickness and cap materiiAs or GaSh, are typi-  tions as high as 5X610'%/cn?.
cally in the range 0.4—1610'%/cn?.* Densities can be in- Samples were grown by solid-source MBE using, As
creased to 1.5—2:210'%cn? by an As-soak techniqu? from a valved As cracker. Both a conventional, Sl as
Higher sheet charge densities are desirable for HEMT appliwell as an Sb cracker producing 38b, were used. Growth
cations. Si is the most commantype dopant in Ill-V mo-  temperatures were measured by transmission thermortetry.
lecular beam epitaxyMBE) systems. Si is, however, ampho- The GaAs and AISb buffer layers were grown at 580 °C and
teric in the 11I-V’s, producingn-type GaAs, InAs, AlAs, and 230 °C, respectively, at a rate of 1.0 ML/s. The undoped
InSb, butp-type GaSb and AISh.Chalcogens such as Te INAs and adjacent AlSb were grown at a rate of 0.5 ML/s
have been used as antype dopant in AISb, resulting in @nd & temperature near 500 °C. The growth temperature of
sheet carrier concentrations as high as>@8/cr? in the INASSi) donor layer and 15 A AISb immediately above

InAs/AlISb HEMTs® A disadvantage of introducing Te into a It Was varied from 360 to 500 °C. The As valve was closed
uring all AISb layers to minimize As incorporation.

MBE system is its high vapor pressure and the resultingf/l, . ; X
igration-enhanced epitaxy was used at interfaces between

memory effects. _ _ 514
An alternative to chalcogen doping of GaSb and AlSb is!"AS and AlSb to achieve InSb-like bonds.
Si doping of a remote, thin InAs quantum well. Makk al® Transport measurements were made at 300 K and 77 K
Olzjsing a conventional 85 mm Van der Pauw structure and a

applied this technique to InAs/GaSb quantum wells an :
achieved densities as high as 8.80%/cm? Kudo and ield of 2100 G. Selected samples were also patterned into

Mishima'® formed InAs/Iny Al sASg 565k, 44 quantum wells

and modulation doped theJBAl g sASy 565k 44 With Si. They 12 A (4 ML)
obtained sheet densities of K20'Ycn? but the room- InAs(Si)
temperature mobility was only 4600 éM s. Bolognesi i

et al!! used InAs/AlSb superlattices as barriers for an InAs
guantum well and doped selected InAs layers with Si to ob-
tain a sheet carrier density of X30'%cn? and a room-
temperature mobility of 30 000 itV s. Recent work by
Sasaet all? achieved sheet carrier concentrations in the 150 A
2—4x 10" cn? range by Si planar dopingiia 6 monolayer InAs
(ML) InAs quantum well located 80 A below a 150 A INAS gig. 1. schematic of band structure for modulation It@is doping of
guantum well clad by AlGaSb. InAs/AISb quantum wells.
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. ) ) ) FIG. 3. Sheet carrier density and mobility as a function of silicon cell
FIG. 2. Sheet carrier density as a function of donor layer thickness fortemperature for 50 ML InAs/AISb quantum wells remotely doped by 4 ML

INAS(Si) layers clad by AISb. The 2 ML sample was highly resistive. The |nag(Sj) layers. The InAESi) layers were grown at 380 °C. Lines are guides
dotted line indicates the expected carrier density based upon the 7 ML valug) e eve.

and the assumption of negligible Si segregation.

AlSb for the 2 ML sample, resulting in a resistive layer. For

standard Hall bridges with 10@m channel widths using the 6 ML INAS(Si) sample, assuming no Si segregation, we

photolithography. Quantum Hall measurements were carrie btain a carrier density of 8:610-%cn?. Densities as high

out at 4.2 K. . )
) . . . . . as 5x 10" cm® were reported for thick layers of Si-doped
First, we investigated structures with the thin {88 InAs.16 P 4 P

\k/1vet” but W':hOL:ct the 159[ A ubm:oped W_eg‘o T&hT '(A:\olnigloete Based upon the above results, we selected a growth tem-
eterostructuréfrom cap-to-substrajewas: NAS perature of 380 °C and a thickness of 4 ML for the 103i$

éaﬁ‘lsst;/(sagi' ihln?\s(?)/Zt Mfmf AISb/O.SI pm GaAs/ donor layers. A set of four samples was grown with the
dSD-(001). The first set of four samples was grown InAs(Si) donor layers and undoped InAs wells; the Si flux

with 4 ML InAs(Si) layers and a Si cell temperature of .
i as varied. The complete heterostructdfirem cap-to sub-
1130 °C® For InAYSi) growth temperatures of 450 and \;\;rate\)/ isl' P ! p-io su

500 °C, the samples were highly resistive 10° Q/sq). For )
temperatures of 365 and 420 °C, however, the transport mea- 20 A InAs(cap/100 A AISb/12 A InA¢Si)/125 A AlSb/

surements yielded sheet carrier densities ofxa6%/cm? 150 A InAs/2 um AISb/0.5 um GaAs/GaAgSI)-(002).

and 1.0<10"%cn?, respectively(As expected for thin lay- Results are shown in Fig. 3 where we plot sheet carrier con-
ers, the mobilities were very low, witp3p~100 cnf/V's.)  centration at 300 K and mobility at 300 K, 77 K, and 4 K
These results suggest that Si from the InAs layer is segregafersus Si cell temperature. For the first three samples, carrier
ing into the AISb during growth at the higher growth tem- concentrations range from 1.7 to X&0'%cn? with room-
peratures. Because Si is predominantly an acceptor in AlShemperature mobilities of 23 000—25 000%ws. The
Si atoms segregating into the AISb will compensate Si dofourth sample has a sheet carrier concentration of 3.2
nors remaining in the InAs. If over 50% of the Si segregatesx 10'%cn? and a mobility of 16 000 cftV s.*” Quantum
into the AISb as acceptors, we would expect a highly resisHall measurements show no evidence of a parallel conduc-
tive sample, as observed at the higher growth temperatureSon channel in the Si-doped InAs layers for these four
Segregation is an activated process; hence, the dependensemples. Only a single sub-band is occupied for the first
on growth temperature is reasonable. three samples. A second sub-band is occupied for the most
To further investigate the role of Si segregation, we grewheavily doped sample, apparently causing the reduction in
a second set of samples with the substrate temperature fixedobility. At 4 K, the carrier densities in the two sub-bands
at 380 °C and a Si cell temperature of 1160 °C. The thick-are 2.56< 10'%cn? and 0.17% 10/ cn?.
ness of the InA&SI) layer was varied. In Fig. 2, we plot the We estimated the carrier density required to occupy the
room-temperature sheet carrier density as a function of Insecond sub-band. The first two sub-band energies for a 150
As(Si) thickness. Samples with 2, 3, 4, and 6 ML I8 A InAs well are calculated to be 60 meV and 182 meV at 0
are included. An additional sample consists of 7 MLK when the nonparabolicity, strain, and penetration effects
InAs(Si) with an undoped ML of InAs on either side. The are taken into accoufi. Integrating the density-of-states
density increases with increasing I8 thickness but is yields 1.75< 10'%cn?, in reasonable agreement with our ex-
not linear. The density for 7 ML is 2.0210"cn?. Ifonlya  perimental value of 2.3910'%cn? and the Sasat all?
small amount of segregation is occurring in this samjle value of 2.0< 10*%cn?.
reasonable approximation given the densities of the 6 ML ~ We also investigated structures with 4 ML In/&s) lay-
and 7 ML samples we would expect 1.1810'¥cn? for the  ers on both sides of an undoped InAs quantum well. The
4 ML layer, compared to the measured value of 0.44doped layers were grown at 380—400 °C and separated from
x 10'¥cn?. These results are consistent with substantial Sthe InAs by 125 A AISb. Otherwise, the structures were
segregation from the InASi) monolayers adjacent to the identical to those described previously. For a Si cell tempera-
AISb. Apparently, over half of the Si segregated into theture of 1100 °C, the room-temperature density and mobility
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100 T 25 sistance. The low-field source-drain resistanc&@s=0V
_ is 0.46 O mm. The devices also display good pinchoff at
"T20 Vss= — 1.6 V and negligible kink effect. The lack of satura-
tion in the drain current is believed to be primarily due to the
= {15 accumulation of holes generated by impact ionization in the
g 'g channel which serves to reduce carrier depletion. A maxi-
) 110 = mum transconductance of 1.6 S/mm is measured/ 4
& < =1 V. Using Sparameter measurements, farof 60 GHz is
obtained atVps=0.5 andVgg=—1.1V, corresponding to
1°° an extrinsicf;L4 product of 30 GHzum. At this bias con-
dition, the gate leakage current was 148. Reduction of
the s 10 0.0 this relatively high leakage and improved current saturation
Magnetic Field (Tesla) should be achievable through advancements in the material
design as has been previously reported.
FIG. 4. Shubnikov—de Haas oscillations for a sample with [$8sdonor Note added in proof Recently, Zhaoet al. reported

layers on both sides of an undoped InAs quantum well. Two sub-bands ar - . . .
occupied, with sheet carrier densities of 30'¥cn? and 0.54 AISb/inAs HEMTs with planar Si doping in a 30 A InAs

X 10%/cn? at 4K. layer beneath the channél.
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